Figure 1. Palindromes in Gene Amplification
(A) A palindrome joining two sister chromatids (blue) together can occur in several ways including nonhomologous end joining of two replicated chomatids or the formation of a hairpin end prior to DNA replication. The resulting palindromic chromosome has two centromeres. Breakage of this structure can initiate a breakage-fusion-bridge (BFB) cycle. One such break is shown here, for which two fates are shown. First, the broken end is subsequently repaired by recombination-dependent break-induced DNA replication between a repeated sequence such as a long terminal repeat (LTR, orange trapezoids) near the broken end and another LTR located elsewhere in the genome, in this case on the other chromosome arm. Alternatively, several different means of joining replicated ends together, including homologydependent base-pairing or nonhomologous endjoining, will create a new dicentric chromosome that will repeat the BFB cycle. Green and yellow sequences are shown to illustrate the orientation of genes in palindromic regions. (B) Palindrome formation can be triggered near a double strand break by short inverted repeated segments. A 5′ to 3′ exonuclease resects a double-strand break until the two single stranded complementary strands of the two repeats anneal, creating a hairpin end that can be ligated after new DNA synthesis primed from a 3′ end. (C) The inverted repeats form a cruciform structure that can be cleaved by a Holliday junction resolvase to produce hairpin ends that can be ligated. In yeast hairpin ends are opened up by the Mre11-Rad50-Xrs2 complex along with Sae2; these open ends are prone to recombination. (D) Exposed DNA ends can be repaired by breakinduced replication after homologous recombination proteins promote strand invasion at regions of interspersed homology, to form a nonreciprocal translocation. a detailed understanding of the origins of gene amplifications in cancer cells has been difficult to obtain. However, several studies in budding yeast provide new insights into the origins of palindromic sequences and their relationship to gene amplification.
Gene Amplification in Mammalian Cells
Clues about the origins of gene amplification in mammalian cells came from the analysis of chromosomal alterations in cultured cells a few generations after selecting for drug resistance. Amplified copies of DNA were found either as double minutes or as chromosomal expansions. The events leading to these alterations likely require several cell cycles before gene amplification is complete. Several observations, such as fused sister chromatids, chromatin bridges at anaphase, and the palindromic organization of repeats in chromosomal expansions, strongly suggest that the intrachromosomal amplification is the result of multiple BFB cycles . Gene amplifications are generally only observed in cells that have disabled the cell's normal DNA damage checkpoint machinery, most notably by inactivating p53 or other genes involved in the apoptotic destruction of damaged cells. When the checkpoints are active, cells containing broken chromosomes are most likely eliminated.
Several studies have suggested that chromosome breakage or telomere erosion in mammalian cells is followed by the fusion of unprotected ends of sister chromatids, thus initiating BFB cycles. For example, Pipiras et al. (1998) have shown that expression of the endonuclease I-SceI in mammalian cells triggers BFB-mediated amplification of a selected gene when an I-SceI cleavage site is present close to and on the side of the gene closer to the telomere. Yet, how DNA double-strand breaks (DSBs) trigger cycles of amplification in mammalian cells is unclear. One explanation is that nonhomologous end joining (NHEJ) is responsible for postreplicative fusions of sister chromatids that are produced when a broken-ended chromosome is replicated. An alternative explanation is that a DSB is resected by 5′ to 3′ degradation until inverted homologous DNA segments that become single-stranded can then anneal, producing a hairpin end that can be covalently closed after some fill-in DNA synthesis ( Figure 1B ). After the next round of normal DNA replication, a palindromic chromosome arm is created. Indeed, Tanaka et al. (2002) showed that such a mechanism can generate palindromes in Chinese hamster cells. They introduced a construct bearing short inverted repeats and an adjacent site that is recognized by I-SceI close to a selectable gene. Expression of I-SceI leads to gene amplifications in which the amplified units are organized as large palindromes separated by the spacer of the original inverted repeat. Moreover, longer inverted repeats specifically increase the efficiency of these events, suggesting that the process involves homologous rather than nonhomologous recombination. More recently, Tanaka et al. (2005) developed a way to detect palindromic sequences, even when they are not yet amplified, based on the fact that annealing of denatured DNA favors intramolecular interactions between palindromes. They report that cancer cells have a nonrandom distribution of palindromes not found in normal cell lines. These palindromes may be precursors to gene amplifications.
Although many translocation junctions in mammalian cells may be joined by NHEJ, gene amplification can still occur in mice in which both p53 and the NHEJ pathways are inactivated. These mice die from pro-B cell lymphomas resulting from the amplification of a complex rearrangement that links the IgH locus to the c-Myc gene. The process depends on RAG1/2 endonuclease, which generates targeted hairpin-capped DSBs during V(D)J recombination. Hence, blocking the resolution of these hairpins or subsequent NHEJ leads to intrachromosomal amplification (Mills et al., 2003) . In addition, Mondello et al. (2001) demonstrated that amplified mutants selected in vitro appear at higher frequencies in fibroblast cell populations deficient for NHEJ than in proficient cells. There are likely to be alternative pathways for joining ends in mammalian cells involving DNA ligase 3. Chromosome end-joinings may also arise from homologous recombination mechanisms, including exchanges or single-strand annealing between dispersed copies of repeated sequences.
There are also hotspots of chromosome breakage, known as common fragile sites (Glover et al., 2005) , that may trigger BFB cycles. Fragile sites often frame the amplified units in mutant mammalian cells selected in vitro and in cells of human cancers. Because breakage of common fragile sites is induced by replication stresses, it has been proposed that these sites contain sequences that are unusually susceptible to perturbation during replication elongation. Common fragile sites extend over megabaselong AT-rich domains, and sequences that have the potential to form hairpin structures have been identified within these hotspots (Schwartz et al., 2006) . This fragility may be due to the accidental formation of secondary structures, causing the replication fork to stall and then collapse, which leads to chromosome breakage. Alternatively, these secondary structures may be targets for chromosome cleavage by Holliday junction resolvases. In either case, common fragile sites might trigger palindrome formation.
Gene Amplification via Palindromes in Yeast
The role of short inverted repeats in gene amplification was first shown in the generation of extrachromosomal palindromic copies of ribosomal DNA in the ciliated protozoan Tetrahymena, and was subsequently shown in the budding yeast Saccharomyces cerevisiae (Butler et al., 1996) . Butler at al. suggested two mechanisms by which inverted repeats could initiate gene amplification ( Figures  1B and 1C) . In one of the proposed mechanisms, the 5′ to 3′ resection of a DSB would allow short inverted repeat sequences to anneal and prime new DNA synthesis, leading to a closed hairpin end of a truncated chromosome ( Figure 1B ). Alternatively, a cruciform structure formed by the annealing of inverted repeated sequences within an extruded single strand of DNA could be cleaved by a Holliday junction resolvase to produce a hairpin end ( Figure   Cell . Subsequent DNA replication of the hairpin-ended molecule produces a giant palindrome. Butler et al. (1996) demonstrated that creation of a hairpin after induction of a DSB near a pair of 42 bp Tetrahymena inverted repeats was efficient in generating palindromes. In this case, palindrome formation required the Rad52 protein, which is required for single-strand annealing. Recently, Maringele and Lydall (2004) demonstrated that short inverted repeats at some distance from an eroding chromosome end could generate long palindromes in yeast cells lacking both telomerase and Rad52. Sequence analysis of the palindrome apex revealed that palindromes were formed at the locations of very small inverted repeats (of 4 to 13 bp), separated by a short spacer. These repeats could promote the formation of hairpin ends that, after DNA replication, create a palindromic dicentric chromosome. Meringele and Lydall also suggested another way in which a partially palindromic chromosome, but one with only one centromere, might be formed. The folded-back end could prime new synthesis of one strand from the hairpin end. If the newly synthesized DNA were left unligated, then subsequent chromosomal replication would yield a long palindrome terminating in an open end that would be prone to recombination. The frequency of survivors in telomerase-negative cells lacking Rad52 was greatly increased in the absence of Mre11, which might reflect Mre11's role in opening up hairpin ends (Lobachev et al., 2002) , thus preventing these events ( Figure 1C) . Rattray et al. (2005) have proposed a variation on this mechanism. If a DSB is created in a partially palindromic region, one end of the break apparently initiates breakinduced replication that copies to the other end of the broken fragment. The second end of the break contains a short inverted repeat sequence that permits formation of a short hairpin, such that break-induced replication out to the hairpin produces a more extensive palindrome. In this instance, formation of such palindromes did not result from NHEJ, but from homologous recombination.
That inverted repeats themselves could generate hairpin ends was demonstrated by Lobachev et al. (2002) , who showed that near perfect inverted palindromes of 300 bp Alu sequences are fragile sites. Quite possibly, the Alu inverted repeats can be cleaved by a (still unidentified) Holliday junction resolvase, but the end result is the production of hairpin ends. In yeast, hairpin ends can be opened up by the Mre11/Rad50/Xrs2 complex in concert with the Sae2 protein. Hairpin cleavage produces a broken chromosome fragment that can participate in a variety of DNA repair events, including new telomere formation and the formation of nonreciprocal translocations. For example, broken ends can participate in one-ended homologous recombination events such as break-induced replication (MacEachern and Haber, 2006) (Figures 1A and 1D) . Resection of the broken end exposes single-stranded sequences that are homologous to sequences elsewhere in the genome. Strand invasion leads to the formation of a unidirectional DNA replication fork that can copy the template chromosome out to the telomere. Recently, it has been shown that spontaneous DNA damage can lead to complex events similar to breakinduced replication between the CAN1 gene and several of its diverged paralogs, resulting in complex nonreciprocal translocations (R. Kolodner, personal communication).
In this issue, Narayanan et al. (2006) exploit the cleavage of inverted Alu repeats into hairpins to explore gene amplification events. In mutants lacking Sae2, hairpins formed by cruciform cleavage are not cleaved ( Figure 1C) . Consequently, replication of this fragment results in a dicentric chromosome that contains a giant palindrome. Mitotic rupture of this dicentric chromosome will create one chromosome with a palindromic duplication of part of the chromosome arm, whereas the other chromosome will have a lethal deficiency ( Figure 1A) . Following mitosis and breakage, the chromosome with the palindromic duplication has a broken end to which a new telomere is often added. Yet such healing events do not ensure stability, because the remaining palindromic sequences are subject to the same cruciform cleavage that initiated the process.
Narayanan et al. have gone further to explore the origins of gene amplification that arise from hairpin cleavage and subsequent events. They inserted two yeast genes, CUP1 and SFA1, on the centromeric side of the inverted Alu repeats. These genes confer increased resistance to copper and to formaldehyde, respectively, when present in multiple copies. By selecting for increased resistance, they identified rearrangements that had more than 2 copies of the selectable genes. In several cases, there were 4 copies of the two genes in two head-to-tail clusters that are inverted with respect to each other. In some cases, the chromosomal end that results from the BFB cycle was then stabilized either by the addition of a new telomere or by a subsequent break-induced replication event involving a long terminal repeat (LTR) sequence on the broken end with a similar LTR on the opposite arm of the same chromosome ( Figure 1A ). When the CUP1 and SFA1 genes were inserted on the telomeric side of the Alu repeats, it was possible to select and maintain linear chromosomal fragments with an inverted duplication of all of the sequences distal to the site where the Alu cruciform was cleaved even though the fragments lacked centromeres. However, this mechanism cannot directly account for extrachromosomal amplification in mammalian cells because only circular double minutes have been observed.
A very different mechanism of yeast gene amplification, called double rolling circle replication, was reported by Watanabe and Horiuchi (2005) . It is known that the 2 µm circular plasmid in yeast is amplified by an inversion that causes two DNA replication forks to move in the same direction. In this study, Watanabe and Horiuchi exploited a weakly functional leu2-d allele that only allows cells to grow without leucine when it is present in multiple copies. They placed two copies of the leu2-d gene in a yeast chromosome in between two different sets of separated inverted repeat sequences. When this chromosomal region was cleaved by a site-specific endonuclease, each of the two different inverted repeat sequences adjacent to the break could invade its homologous sequence and set up a recombination-dependent replication fork. The orientation of the two sets of homologous sequences results in a pair of replication forks proceeding in the same direction. Tandem break-induced replication led to the creation of up to 100 chromosomal copies of the leu2-d gene arrayed in alternating orientation. The entire amplification process may occur during a single cell cycle, producing the kinds of arrays of duplicated sequence that are seen in chromosomal expansions in mammalian cells. In addition, double rolling circle replication produced multiple extrachromosomal copies of autonomously replicating molecules with arrays of leu2-d genes in alternating orientations that resemble one type of double minute.
Duplication and Nonreciprocal Translocations
As the result of an ancient genome duplication event, many yeast proteins are encoded by nearly identical genes on different chromosomes. Deletion of both genes reveals their essential function, but deletion of one also causes growth deficiencies. When Koszul et al. (2004) selected cells that duplicated the RPL20B gene encoding a ribosomal protein to compensate for deletion of RPL20A, intrachromosomal tandem duplications of segments surrounding RPL21B were frequently observed. Consistent with replication slippage mechanisms, the endpoints of these duplications often shared only a few base pairs of homology or had short runs of trinucleotide repeats. Other intrachromosomal duplications had LTRs at their ends and could have arisen by unequal sister chromatid exchange during mitosis. There were also interchromosomal events resulting in gene duplication from nonreciprocal translocations. These events may arise by break-induced replication. Here the duplications are in direct orientation, but are also capable of subsequent expansion by unequal crossing-over.
Nonreciprocal translocations are also responsible for many of the gene duplication events found by Lemoine et al. (2005) during the repair of breaks induced at fragile sites by reducing the abundance of DNA polymerases. The predominant fragile site (FS2) on chromosome III is an inverted pair of retrotransposon Ty1 sequences separated by several hundred base pairs. Most chromosome rearrangements were nonreciprocal translocations (likely by breakinduced replication) and were initiated between one of the FS2 Ty1 sequences and another Ty1 sequence located elsewhere in the genome. Lemoine et al. showed that the inverted Ty1 sequences are an intrinsically fragile site when DNA polymerase activity is reduced. However, it is also likely that other, more randomly distributed DSBs caused by the low polymerase activity would be chewed back by exonucleases and that the Ty1 sequences would be preferentially used as sites of repair. Indeed, rearrangements involving FS2 are the predominant event after HO endonuclease cleavage of the MAT locus, which is 30 kb distal to FS2, when repair occurred in the absence of the Rad51 recombination protein (Malkova et al., 2001) . The role of Ty sequences in generating nonreciprocal translocations has also been demonstrated by Umezu et al. (2002) .
Recently, Admire et al. (2006) described a different fragile site in yeast. The region includes both interspersed inverted copies of an LTR and two tRNA genes. Studies of DNA replication, especially in the absence of the Rrm3 helicase, suggest that tRNA genes may pose barriers to efficient DNA replication. Genome instability in this region was increased either by reducing pools of deoxynucleotides or by deleting RRM3. The rearrangements in this fragile chromosome, as in other instances, appear to involve homologous recombination or breakinduced replication between LTR sequences. Another important finding by Admire et al. is that, as in mammalian cells (Glover et al., 2005) , disruption of DNA damage and DNA replication checkpoints in yeast leads to an increase in the frequency of the unusual rearrangements prompted by instability at fragile sites.
